were then rinsed with PBS and cultured with hybridomas. 13 . R. M. Jackman et al., Immunity 8, 341 (1998). 14. V. Briken et al., J. Exp. Med. 192, 281 (2000) . 15 . APCs were incubated with antigens or the vehicle [dimethyl sulfoxide (DMSO)] for 3 hours at an antigen dose of 50 ng/ml, unless stated otherwise. The antigen-pulsed APCs were washed and plated in 96-well plates in triplicates (1 ϫ 10 5 cells/well). The responder cells (5 ϫ 10 4 cells/well) used for each assay were the NK T cell hybridomas 3C3, 1-2, and 1-4 (30), all of which have the invariant V␣14-J␣281 rearrangement characteristic of NK T cells. Antigendependent IL-2 production was measured after 16 hours of stimulation by enzyme-linked immunosorbent assay (ELISA). 16 . M. Harata et al., Liver 17, 244 (1997) . 17 . When APCs were pulsed with glycolipids before the addition of CMA, there was only a slight increase in presentation of Gal(␣132)GalCer relative to when CMA is added first. However, ␣-GalCer and Gal(␣136)GalCer were presented at nearly the same level as the control (antigen only) when they were added before CMA, demonstrating that the more potent CMA can block antigen uptake and lysosome function. 18 The motility of kinesin motors is explained by a "hand-over-hand" model in which two heads of kinesin alternately repeat single-headed and double-headed binding with a microtubule. To investigate the binding mode of kinesin at the key nucleotide states during adenosine 5Ј-triphosphate (ATP) hydrolysis, we measured the mechanical properties of a single kinesin-microtubule complex by applying an external load with optical tweezers. Both the unbinding force and the elastic modulus in solutions containing AMP-PNP (an ATP analog) were twice the value of those in nucleotide-free solution or in the presence of both AMP-PNP and adenosine 5Ј-diphosphate. Thus, kinesin binds through two heads in the former and one head in the latter two states, which supports a major prediction of the hand-over-hand model.
Kinesin is a molecular motor that transports membrane-bound vesicles and organelles toward the plus end of a microtubule in various cells including neurons (1, 2) . Kinesin takes hundreds of 8-nm steps (the size of tubulin heterodimers composed of ␣ and ␤ subunits) (3-5) before detachment, so that the run length reaches longer than 1 m (3, 6 ). Each step is associated with one cycle of ATP hydrolysis (7, 8) . Structural and biophysical evidence shows that stepping of kinesin is triggered by conformational changes in the ATP-bound head (9) . A "hand-over-hand" model has been proposed to explain the processive movement of kinesin ( Fig. 1) (5, (9) (10) (11) (12) (13) (14) (15) (16) . To substantiate the hand-over-hand model, it is essential to determine the binding mode-either single-or double-headed binding-at each nucleotide state, and the kinetic step at which the transi-tion between the two binding modes occurs (5, (9) (10) (11) (12) (13) (14) (15) (16) . Results of image analysis by cryoelectron microscopy on the dimeric kinesinmicrotubule complex have been inconclusive; either single-headed (13, 14 ) or double-headed (15, 16 ) binding has been found to predominate both in the absence of nucleotides and in the presence of AMP-PNP. In solution the binding stoichiometry of the kinesin head and the tubulin heterodimer in a microtubule has a molar ratio of 2 :1 in both the nucleotide-free state (17) (18) (19) and in the presence of AMP-PNP (17), implying a single-headed binding. In these studies, the microtubule was fully decorated by kinesin so that the conformation of kinesin may have been constrained (16 ) . The intramolecular interhead distance of kinesin in the crystal structure is about 5 nm (20) , considerably shorter than the size of the tubulin heterodimer. The kinetics of detachment in solution also suggests the singleheaded binding not only in the nucleotide-free condition but also in the coexistence of AMP-PNP and adenosine 5Ј-diphosphate (ADP) (21) . Overall, the evidence for the model remains indirect.
To obtain direct evidence for the binding mode at each nucleotide state, we measured the mechanical properties of single kinesin molecules attached to a microtubule in three different solvent conditions (22) : in the absence of added nucleotides, in the presence of 0.5 mM AMP-PNP and 1 mM ADP, and in the presence of 1 mM AMP-PNP. The first condition corresponds to the ͗O, O͘ or ͗O, D͘ states (Fig. 1) . Although apyrase was added, some proportion of heads may still have bound ADP because the kinesin was purified in the presence of ADP and the detachment rate of ADP is slow (18, 19) . The second condition mimics the ͗T, D͘ state. Under this condition, only one of the two heads is expected to bind AMP-PNP, while the other head is in the ADP state (21) . The third condition is considered to represent the ͗T, O͘ state (23), because the binding ratio of AMP-PNP to kinesin molecules is reported to be 1:1 under the present condition (23).
An external load was imposed on a single kinesin-microtubule bead complex ( Fig. 2A) (24, 25) as it was moved toward the plus (or minus) end of a microtubule with optical tweezers (26, 27 ). We repeated unbinding force measurements at nearly the same position on the same microtubule several times for the same bead, presumably for the same kinesin molecule (Fig. 2, B to D) . Upon loading toward the plus end, unbinding force in the absence of nucleotides was about 7 pN (Fig. 2D) , whereas that in the presence of AMP-PNP could apparently be classified into two components at about 14 pN (major) and 7 pN (minor), the latter corresponding to that in the absence of nucleotides. Using the same data, we obtained the force-extension relation on the kinesin-microtubule complex (Fig. 2E ). This relation was almost linear, so that the elastic modulus could be estimated simply from the slope. The elastic modulus could also be classified into two components (compare Figs. 2E and 3, D to F). On the minus-end loading, the unbinding force for both components increased by 45% irrespective of the nucleotide states, keeping the elastic modulus unchanged. This shows that the binding is unstable for the plus-end loading compared with the minus-end loading.
The small (ϳ7 pN; S-) and large (ϳ14 pN; L-) components of unbinding force, respectively, correspond to those of the elastic modulus (Fig. 3) . The finding that the unbinding force and the elastic modulus for the L-component were twice those for the Scomponent strongly suggests that the S-and L-components are attributable to the singleand double-headed binding of kinesin, respectively. Thus, each kinesin head contributes equally to the elastic modulus, such that each head equally shares the external load.
This interpretation shows that the binding mode in the ͗O, D͘ state (Fig. 1A) is singleheaded. Assuming that AMP-PNP is an ATP analog, single-headed binding is also predominant in the ͗T, D͘ state (Fig. 1B) . It is highly probable that the attached head binds AMP-PNP (ATP) (9) , whereas the detached head binds ADP (9, 21) , because the attachment of the ADP-bound head was reported to be weak (17 ) . In the ͗T, O͘ state (Fig. 1C) , in contrast, double-headed binding is predominant. Here we find that, based on the bimodal distributions of unbinding force and elastic modulus at one loading rate (Figs. 2D and 3 , C and F), both single-and double-headed binding exist. Additionally, we find that the proportion of the S-component decreased as the loading rate increased from 2 to 18 pN s Ϫ1 and, finally, disappeared at the highest loading rate we examined (18 pN s   Ϫ1 ), irrespective of the loading direction. This implies that double-headed binding predominates in the absence of external load. The finding that the unbinding force for the plus-end loading was smaller than that for the minus-end loading suggests that, in the "bridge" structure of double-headed binding (see Fig. 1C ), the rear head is relatively unstable so that it tends to be detached. Such an asymmetry for the loading direction regarding the stability of the attached state is favorable for kinesin motors stepping forward. 27. A microscopy system equipped with optical tweezers was as previously described (26); the stiffness of the optical trap was estimated to be 0.087 pN nm Ϫ1 . The bead in the medium was first trapped by optical tweezers and placed in contact with a microtubule for 20 to 30 s, a period considered sufficient to realize the binding equilibrium between kinesin molecule and a microtubule. The trap center was then moved at a constant rate to the plus (or minus) end of the microtubule ( Fig. 2A) until the unbinding event occurred. With a single-molecule attachment between the bead and the microtubule, it is possible for the bead to move some distance relative to the microtubule without deviating from the trap center. This is mainly because of the rotational movement of the bead in the trap. This rotational movement is not registered on the position detector. As observed in Fig. 2 , B and C, for the first part of the movement of the bead, the kinesin may be attached to the microtubule but does not show in the displacement until the beadkinesin-microtubule link pulls tight. On the basis of the size and geometry of the kinesin-tethered bead (24) (radius of bead, 0.5 m; length of kinesin, 60 nm), we can estimate that the largest displacement required before the external load is imposed for the unbinding event is ϳ600 nm. In fact, this displacement was as large as 300 Ϯ 140 nm (n ϭ 122). Also, the actual extension of kinesin is estimated to be 8.3 Ϯ 1 nm (Fig. 2E) , which is approximated by 18 nm ϫ cos(), where (1.1 Ϯ 0.1 rad) is the angle between the kinesin tether and the glass surface. In our bead assay, the external force responsible for the extension of the kinesin-microtubule complex should also be multiplied by cos(). Thus, the elastic modulus is kept unchanged. 
